This study was designed to investigate the biological effects of fish collagen peptide (FCP) on human osteoblasts. Human osteoblasts were treated with 0.1% FCP, which was the optimal concentration confirmed by the increase in alkaline phosphatase activity. After one, three, five and seven days of culture, the number of FCP-treated cells increased significantly compared with untreated cells. In a real-time PCR analysis, the expression of osteocalcin, osteopontin, BMP-2 and integrin β3 mRNAs in FCP-treated cells showed increases compared with untreated cells after three days of culture. After seven days of culture, the expression levels of osteopontin and integrin β3 were still higher in the FCP-treated cells than in untreated cells. The production of osteocalcin, osteopontin and integrin β3 proteins in FCP-treated cells also showed increases after seven days of culture. Furthermore, FCP accelerated matrix mineralization in the cultures. The present study indicates the potential utility of FCP as a biomaterial.
INTRODUCTION
Collagen is a major component of the extracellular matrix in multicellular organisms, including humans, and is an important component of ligaments, cartilage and bone. It accounts for about 30% of the total proteins in the body. Type I collagen is the most common type of collagen, and is abundant in bone. Therefore, this protein has been generally recognized as a safe material and is widely utilized in a variety of products ranging from health food (supplements) to cosmetics. It was reported in a double-blind trial that the ingestion of 10 g of pharmaceutical-grade collagen hydrolysate daily for two months reduced the pain by half in patients with osteoarthritis of the knee or hip in comparison to a placebo 1, 2) . Furthermore, Koyama et al. showed that the bone mineral density of the femora in normal mice increased in response to a diet supplemented with 4% gelatin in comparison to a 10% casein diet 3) . The purified mineralization-inducing factor in conditioned medium from preosteoblastic cells contained type I collagen, which suggests that collagen serves, at least in part, as differentiation-inducing agent for mineralization 4) . The clinical use of materials derived from bovines is prohibited at present due to the finding of Bovine Spongiform Encephalopathy (BSE) in the United Kingdom in the late 1980's. Therefore, fish collagen has recently been used for products such as a health food supplements for osteoarthritis, osteoporosis and rheumatoid arthritis.
Fish collagen is extracted and purified from the skin, bones, swim bladder and scales of various fish species. Active oxygen is eliminated from the body, and cholesterol in the blood decreases after the consumption of the methionine-rich fish collagen. The stability of the triple helix in fish collagen is reduced compared to mammalian collagen, because fish collagen has a lower content of hydroxyproline 5, 6) . Therefore, its digestive absorption is thought to be superior to that of mammalian collagen. Importantly, its denaturation temperature is lower than that of mammalian collagen.
As fish collagen is difficult to dissolve in a neutral pH medium, the soluble type of collagen, fish collagen peptide (FCP) must be used in in vitro study. Furthermore, there have been no reports about gene expression using FCP in relation to biological mineralization in vitro. This study was designed to investigate the subcellular effects of FCP on human cultured osteoblasts.
MATERIALS AND METHODS

Preparation of fish collagen peptide solution
The FCP powder (Marine matrix ® ) used in this study was supplied by Yaizu Suisankagakukougyou Co., Ltd. (Shizuoka, Japan). This FCP was produced by pepsin digestion of the bone and skin from cods caught in the sea near Shizuoka (personal communication from company). The molecular weight of the FCP used in this study was 500-10,000 Da and the majority of the peptides were about 3,000 Da. The FCP consisted of a little lower concentration of hydroxyproline (5.14% of the total amino acids) than that usually present in bovine collagen (8.70% of the total amino acids), whereas the methionine content (1.04% of the total amino acids) was almost equivalent to that of bovine collagen (1.70% of the total amino acids) as determined by an amino acid analysis with high performance liquid chromatography (HPLC) (personal communication from Prof. Mitsuo Yamauchi). A 5% (w/v) solution of the FCP was prepared Early gene and protein expression associated with osteoblast differentiation in response to fish collagen peptides powder by dissolving powdered collagen in α-modified essential medium (α-MEM) (Invitrogen, Carlsbad, CA, USA), and it was filtered using a 0.2 μm filter.
Casein peptide was purchased from Nacalai tesque (Kyoto, Japan) to investigate the effects of the amino acid itself on osteoblast proliferation and differentiation as control amino acids. It was also prepared by the abovementioned processes.
Osteoblast culture An osteoblastic cell line derived from a human osteosarcoma, NOS-1, was used in the present study. The cells were seeded in 60 mm culture dishes at a density of 2×10 5 cells. They were then cultured for seven days in α-MEM supplemented with 10% fetal bovine serum (CELLect ® GOLD, MP Biomedicals Inc., Solon, OH, USA), 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) in a humidified atmosphere of 5% CO 2 at 37ºC. The medium was replaced every three days.
Alkaline phosphatase activity assay
The NOS-1 cells were seeded in 60 mm culture dishes at a density of 2×10 5 cells, and were cultured under the same conditions stated above. In the FCP-treated group, a 5% FCP solution was added to α-MEM such that the total concentrations were 0.0005, 0.005, 0.05, 0.1 and 0.5% (w/v). As a control, culture dishes filled with α-MEM without the FCP solution were also placed in the incubator. After three days of incubation, the cells were rinsed twice with phosphate-buffered saline (PBS) (−) and scraped off the dish with NUNC TM Cell Scrapers (Thermo Fisher Scientific International, Rochester, NY, USA). After that, they were centrifuged at 1,000 rpm for 10 min and the supernatant was discarded. Next, 0.01N TES saline (pH 7.4) was added. The cells were then sonicated with a cell disrupter (VP-30S, Taitec, Saitama, Japan) for 1 min in icecold water. The alkaline phosphatase (ALP) activity was determined by a technique using ρ-nitrophenyl phosphate as a substrate. The micro-Lowry method was used to determine the protein concentration 7) . The specific activity was expressed as the micromoles of ρ-nitrophenol produced per minute per milligram of protein. The total concentration of FCP solution that resulted in the highest activity was considered to be the optimal concentration for NOS-1 cells.
The cells in both the FCP and casein peptide (CP) groups were incubated with the optimal concentration determined by the ALP activity assay. After three days of culture, the cells were retrieved using a cell scraper. The ALP activity and protein concentration were measured using the above-mentioned procedures.
Cell proliferation study NOS-1 cells were seeded in 60 mm culture dishes at a density of 2×10 5 cells, and were cultured with or without FCP and CP. Cells in the FCP and CP groups were incubated with the optimal concentration determined by the ALP activity assay. After one, three, five and seven days of culture, the number of viable cells, which were not stained by trypan blue, was counted using a hemocytometer under a phase-contrast microscope. Digital microphotographs were analyzed with Scion image software in order to obtain the cell's area per focal field investigated.
PicoGreen
® DNA assay NOS-1 cells were seeded in 48-well plates at a density of 2×10 5 cells and were cultured under the same conditions stated above. The cells in the FCP and CP groups were incubated with the optimal concentration determined by the ALP activity assay. After one, three, five and seven days of culture, the cells in each group were retrieved. The DNA content was measured using the Quant-iT™ PicoGreen ® dsDNA Reagent and kit (P7589, Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Briefly, equal quantities of the diluted sample and PicoGreen dye were added to a 96-well plate and incubated in the dark at room temperature for 5 min. A standard curve based on known concentrations of DNA was utilized for the calculations. Both the standard and experimental samples were read on a fluorescence plate reader (DTX 800 Multimode Detector, Beckman Coulter, Boulevard Brea, CA, USA) at 485/535 nm (excitation/ emission).
Real-time PCR analysis
The NOS-1 cells were seeded and cultured as described above, then after three and seven days in culture, the cells were rinsed twice with PBS (−) and lysed by adding the Trizol reagent (Invitrogen, Carlsbad, CA, USA), and total RNA was prepared following the manufacturer's instructions. The first strand cDNA was synthesized from the total RNA following the manufacturer's instructions using the SuperScript™ First-Strand Synthesis System for RT-PCR (Invitrogen). For the PCR reaction, the Brilliant SYBR Green QPCR Master Mix ® (Invitrogen) containing the components necessary to carry out PCR amplifications, including Taq DNA polymerase (Nippon gene, Tokyo, Japan) and SYBR Green Ι ® (Stratagene, La Jolla, CA, USA) as the reporter fluorescent dye, ROX as the reference dye and cDNA as the PCR template, were added to a 0.2 μL PCR tube. The primers (for osteocalcin, osteopontin, BMP-2 and integrin β3) that were used in this study are shown in Table 1 . The forward and reverse primers were designed on the basis of published nucleotide sequences of the DDBJ. Glyceraldehyde phosphate dehydrogenase (GAPDH), a housekeeping gene, was used as an internal control.
The cDNA was amplified under the following conditions with a real-time PCR system (Mx3000P™, Stratagene, La Jolla, CA, USA): 40 cycles at 94ºC for 1 min, 53ºC for 1 min, 72ºC for 1 min. The reactions were performed in triplicate. A melting curve peak was observed for each sample, confirming the purity and specificity of both amplified products. The mRNA level of each gene relative to that of GAPDH was calculated using the "Comparative Quantification" method with the Stratagene ® kit. 
Western blot analysis
The NOS-1 cells were again seeded in 60 mm culture dishes at a density of 2×10 5 cells and were cultured with or without FCP. Cells in the FCP group were incubated with an optimal concentration based on the ALP activity assay as described in the aforementioned conditions. After three and seven days of cell culture, the cells were retrieved with a rubber policeman. The cells in each group were lysed in a lysis buffer (1M HEPES, 10% NP-40, 1mM NaF, 1mM Na3VO4, 0.5M EDTA, 100% protease inhibitor cocktail, deionized water) and then they were sonicated with a cell disrupter for 1 min in icecold water. After centrifugation of the lysates at 1,000 rpm for 10 min at 4ºC, the supernatants were subjected to a Western blot analysis. The protein concentrations in each group were determined using the micro-Lowry method. A 30 μL sample was denatured in 2×SDS-PAGE sample buffer and separated by SDS-PAGE. The proteins were transferred onto polyvinylidene difluoride membranes (BIO-RAD, Hercules, CA, USA). The membranes were incubated with 5% (w/v) nonfat milk powder in TBS for 1 h to prevent nonspecific binding. Following the blocking, the membranes were incubated overnight at 4ºC with a primary antibody (Anti-osteopontin: American Research Products Inc, Belmont, MA, USA, Anti-BMP-2 and anti-osteocalcin: Abcam Inc., Cambridge, MA, USA, anti-integrin β3: Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The specific antibody binding was detected with a horseradish peroxidase-conjugated secondary antibody and visualized using the enhanced chemiluminescence plus Western blotting detection reagents (Amersham Biosciences, Buckinghamshire, UK). The band density of each group was quantified by a densitometric analysis using the Scion Image software program. The ratio of the densitometric value of the FCP group to the value of the control group was then calculated.
Von Kossa staining
The NOS-1 cells were seeded in 35 mm culture dishes at a density of 2×10 5 cells and cultured with α-MEM. After the cells were confluent, they were cultured with 5 mM sodium β-glycerophosphate. An optimal concentration of FCP (based on the ALP activity assay under the aforementioned conditions) was also added in the medium of the FCP group. After seven, 14 and 21 days of culture, the cells were rinsed twice with PBS (−) and fixed for 40 min with 10% formalin, and then were immersed in 5% silver nitrate for 90 min. After they were rinsed thoroughly in distilled water, they were fixed with a 5% sodium thiosulfate solution for 3 min. They were then counterstained with Kernechtrot solution for 3 min and washed thoroughly in distilled water, and finally observed using a phase-contrast microscope. The nodule's area per focal field by the phase-contrast microscopy in each group was analyzed using Scion image software.
Statistical analysis
The statistical significance of differences was determined using a one-way ANOVA and Fisher's PLSD test as a posthoc analysis for the results of the ALP, cell proliferation study and PicoGreen ® DNA assays, Student's t-test for the results of the area of cell and nodule studies and densitometric analysis for western blotting using the StatView software program (SAS Institute Inc., Cary, NC, USA). The results were considered to be statistically significant for a p value of <0.05.
RESULTS
ALP activity assay
For all experimental periods, the cell viability was confirmed using a phase contrast microscope. The ALP activity of the control and FCP groups at different concentrations after three days of incubation is shown in Table 2 . The activity of the 0.1% FCP group was significantly higher than that of the other groups (p<0.05). Therefore, the 0.1% FCP solution was considered to be the optimal condition for the subsequent studies. The ALP activities of the control, 0.1% CP and FCP groups after three days of incubation are shown in Fig. 1 . The ALP activity of the 0.1% FCP group was significantly higher than that of the other groups (p<0.01). After seven days of incubation, the ALP activity of the control and 0.1% FCP groups is 3.06±0.09 and 2.63±0.08 μmol pNPP/ mg protein/min, respectively. There was no statistical difference between two groups (p=0.073).
Cell proliferation
To examine the effects of FCP on the proliferation of NOS-1 cells, the total cell number was compared between the control, CP and FCP groups after one, three, five and seven days of incubation. Figure 2 shows the changes in the cell number. There was a significant difference between the FCP and control or CP groups during the experiment (p<0.05).
Photographs of the NOS-1 cells in the control and FCP groups after the different lengths of incubation are shown in Fig. 3A . Although the cell clusters in both groups enlarged during the experiment, the cell density in the FCP group was significantly higher than that in the control group on and after three days of incubation (Fig. 3B) . Figure 4 shows the DNA concentrations of the NOS-1 cells in the control, 0.1% CP and FCP groups after the different periods of incubation. Although there were no significant differences between the control and CP groups during the experimental period, the concentration in the FCP group was significantly higher than that of the other groups (p<0.01 after five days of incubation, p<0.05 after one, three and seven days of incubation).
mRNA expression of osteocalcin, BMP-2, osteopontin and integrin β3
A real-time PCR analysis was performed to investigate the differences in the mRNA expression levels of osteocalcin, BMP-2, osteopontin and integrin β3, which are representative genes related to mineralization. The mRNA expression ratios of the FCP group to the control group after three and seven days of culture are shown in Table 3 (mean±standard error). The results revealed that the expression of all four mRNAs increased after three days of culture supplemented with FCP, whereas the mRNA levels of osteocalcin and BMP-2 decreased to the same level as those in the control group after seven days of culture with FCP. The mRNA expression ratios for osteopontin and integrin β3 were still higher after seven days of culture with FCP. 
Evaluation of the protein expression of osteocalcin, BMP-2, osteopontin and integrin β3
The protein levels of these same markers were evaluated by a Western blot analysis. The protein expression ratios of the FCP group to the control group after three and seven days of culture are shown in Fig. 5 . These results revealed that the production of the BMP-2 and integrin β3 proteins increased after three days in culture supplemented with FCP (p<0.01 for BMP-2, p<0.05 for integrin β3), whereas the production of osteocalcin and osteopontin was not significantly different from those of the control group. The production of BMP-2 protein decreased in comparison to that of the control group after seven days of culture with FCP (p<0.01). The osteocalcin, osteopontin and integrin β3 protein expression levels showed a trend to increase after seven days of culture with FCP (p<0.01 for osteocalcin and osteopontin, p<0.05 for integrin β3).
Mineralization study NOS-1 cells that were incubated for seven, 14 or 21 days are shown in Fig. 6A . Mineralized nodules were presented as dark brown following von Kossa staining. Although the density of mineralized nodules in both groups increased during the experiment, one nodule in the FCP group was significantly larger than that in the control group on and after seven days of incubation (Fig.  6B ).
DISCUSSION
The concentration of FCP for cell growth, gene and protein expressions related to cell differentiation and mineralization assays was determined primarily based on the highest increased activity (0.1% FCP group) of ALP known as an osteoblastic marker. A result of cell proliferation study correlated with one of the DNA assay and revealed that the fish collagen stimulated the cell growth. This is consistent with the study reported previously 8) , suggesting that the FCP has a biocompatibility.
Although the data by HPLC are different from the well-known amino acid composition of fish collagen, the cell proliferation and gene and protein expression changes related to mineralization increased significantly compared with both the control and casein peptide groups in the present study. These findings suggest that the present FCP has a bioactive effect for osteoblasts. However, further studies are necessary to clarify the exact nature of this effect by specific amino acids and specific molecular weight fractions in the protein. Type I collagen has been reported to facilitate the differentiation of clonal porcine dental follicle cells and bone marrow cells [9] [10] [11] . However, the collagen used in those studies was mammalian. Hydrolyzed collagens (2 or 5 kDa) from bovine, porcine and fish origin in the tissue culture medium did not show any significant effects on cell growth after four weeks. However, there was a significant and dose-dependent increase in ALP activity in culture with 2 kDa collagen 12) . The present study indicates that FCP (which is mainly 3 kDa protein) has subcellular effects on the proliferation and differentiation of osteoblasts. These effects probably depend on the origin and molecular weight (MW) of the collagen. The MW of the present FCP was a relatively wide range (500-10,000 Da). These, small peptides could easily come in contact with the osteoblastic cell membrane and accelerate the cellular activities.
ALP is an enzyme that hydrolyses phosphate ester compounds under alkaline conditions and is an early marker of osteoblast differentiation. ALP is generally used as an indicator of early stage of osteoblastic differentiation because a plenty of protein synthesis at seven days of incubation is predominant. The ALP activity is high on the cell membranes of osteoblasts and matrix vesicles at the early stage of culture 13, 14) . Therefore, the ALP activity was used in the present study as an indicator to determine the optimal concentration of FCP. A low, 0.1% (w/v), concentration of FCP was the optimal concentration in this study, which is consistent with the study published by Guillerminet et al. 12) . Osteocalcin is a mineralization-specific marker because its expression increases as the mineralization increases. The expression of the gene encoding osteocalcin is upregulated by type I collagen in cultured dental pulp cells that have the capacity for mineralization 15) . Although its expression was unchanged after three days of culture in this study, it increased markedly after seven days of culture. A discrepancy between each expressions of mRNA and protein at three and seven days of culture may be due to the differentiation of a translational period in osteocalcin 16) . Osteocalcin is highly expressed during the mineralization stage of bone development. The early expression of osteocalcin in this study demonstrates that FCP could promote the osteoblastic differentiation, even at the early stage.
Osteopontin does not always play an important role in the initial mineralization, because it accumulates whether mineral formation occurs or not 17, 18) . Therefore, osteopontin might not be a mineralization-specific factor. Xiao et al. reported that nodules of calcification produced from osteoblasts are detected in the matrix, and that there is a correlation between calcification and the distribution of bone sialoprotein and osteopontin 19) . In addition, the osteopontin secreted from the basolateral surfaces of osteoclasts might act as an autocrine factor by binding to the αVβ3-integrin 20) . In the present study, the expression of the osteopontin gene and protein were a little low in comparison to the other three genes after three days in culture, while the expression of osteopontin mRNA increased after seven days of culture. Although further investigation is needed to clarify the molecular events regulating the osteopontin gene, this expression pattern might be characteristic of the application of FCP.
BMP is an osteoblast-specific marker. The autocrine action of BMP, as well as integrin-mediated cell-collagen interactions, are required for osteoblast differentiation, and the mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) pathways require MAP kinase activity 21) . Furthermore, the W20-17 cell line (an osteoprogenitor cell lines) produced detectable increases in ALP activity after exposure to rhBMP-2 levels of 5 ng/mL 22) . The ALP activity and BMP-2 expression increased after three days of cell culture in this study. In fact, the expression of both the BMP-2 mRNA and protein were enhanced greatly after three days of culture in this study, which implies the induction of osteoblast differentiation. However, the decrease after seven days of culture indicates that a negative feedback mechanism might act against its overexpression after three days of culture 23) . Integrins are heterodimers consisting of subunits comprising α and β chains, and exist in the cell membrane. Endothelial cells and osteoblasts are generally used to study these proteins, because they are associated with hemostasis, thrombosis 24) and osteoporosis 25) . Furthermore, integrins are essential for cell adhesion, and serve as a mediator between the extracellular matrix and the phosphorylation of downstream signals in the MAPK cascade and other pathways. In addition, the focal adhesion kinase and extracellular signal-related kinase/MAPK are closely associated with the induction of ALP activity in osteoblasts 26) . In this study, the mRNA and protein expression of integrin β3 were increased after both three and seven days of culture. Therefore, FCP might stimulate the osteoblastic function of cells through a complex network of the MAPK cascade and Smad pathway 27) .
